The catalytic activity of human cytidine deaminase APOBEC3B (A3B) has been correlated with kataegic mutational patterns within multiple cancer types. The molecular basis of how the N-terminal noncatalytic CD1 regulates the catalytic activity and consequently, biological function of A3B remains relatively unknown. Here, we report the crystal structure of a soluble human A3B-CD1 variant and delineate several structural elements of CD1 involved in molecular assembly, nucleic acid interactions and catalytic regulation of A3B. We show that (i) A3B expressed in human cells exists in hypoactive high-molecularweight (HMW) complexes, which can be activated without apparent dissociation into low-molecularweight (LMW) species after RNase A treatment. (ii) Multiple surface hydrophobic residues of CD1 mediate the HMW complex assembly and affect the catalytic activity, including one tryptophan residue W127 that likely acts through regulating nucleic acid binding. (iii) One of the highly positively charged surfaces on CD1 is involved in RNA-dependent attenuation of A3B catalysis. (iv) Surface hydrophobic residues of CD1 are involved in heterogeneous nuclear ribonucleoproteins (hnRNPs) binding to A3B. The structural and biochemical insights described here suggest that unique structural features on CD1 regulate the molecular assembly and catalytic activity of A3B through distinct mechanisms.
INTRODUCTION
The generation of genome instability plays critical roles in both the initiation and progression of neoplastic disease and is therefore one of the defining hallmarks of cancer (1) . The acquisition of excessive somatic mutations creates cancer heterogeneity that promotes cancer development and evolution. In recent years, kataegis patterning of hypermutation clusters dominated by C-to-T transitions has been identified in many types of cancers (2) (3) (4) (5) (6) . Several studies have revealed that mutational patterns within kataegis are correlated with the upregulated expression of a cytidine deaminase APOBEC3B (A3B) (4) (5) (6) (7) . A3B catalyzes the cytidine deamination with a highly preferred TC dinucleotide hotspot, consistent with a subtype of mutational signatures found in bladder, cervical, head and neck, lung, breast, ovarian cancers and myeloma (2, (4) (5) (6) (7) (8) (9) . Overexpression of A3B causes excessive mutations that can lead to cancer and the upregulated expression level of A3B is also correlated with the increased tendency of TP53 mutations in tumors and poor prognosis in cancer patients (5, 8, (10) (11) (12) (13) (14) (15) . Given the relationship between tumor pathogenesis and the potential role of A3B as an enzymatic source of genome instability, significant insights can reside in understanding the basis of A3B's biological and enzymatic function.
APOBEC is a family of cytidine deaminases consisting AID, APOBEC1 (A1), APOBEC2 (A2), APOBEC3s (A3s, A3A to A3H) and APOBEC4 (A4). They mostly catalyze C-to-U transitions and result in C-to-T mutations on singlestranded DNA (ssDNA), in addition A1 and A3A can edit RNA (16, 17) . A3B belongs to subfamily of A3s that were originally identified for their role as host restriction factors against retroviruses and DNA viruses, as well as endogenous retroelements (18) (19) (20) (21) (22) (23) (24) . Within the human A3 subfamily, there are seven members, consisting of either one (A3A, A3C, and A3H) or two (A3B, A3D, A3F, A3G) homologous zinc-coordinating cytidine deaminase (CD) domains. All the single-domain A3s and the C-terminal deaminase domains (CD2 or CTD) of double-domain A3s are catalytically active, with preference of TC or CC dinucleotide on ss-DNA substrates. In contrast, the N-terminal domain (CD1 or NTD) of double-domain A3s, is catalytically inactive and presumably involved in the interactions with nucleic acids and protein oligomerization (25, 26) . While the catalytic A3 domains have been extensively studied, CD1 is much less characterized mostly due to their poor solubility and complexity of interactions with nucleic acids.
So far, the only well-studied CD1 domain is from A3G, an HIV-1 restriction factor (27) (28) (29) . Previous studies showed that A3G-CD1 not only greatly enhances the substrate binding, processivity, and deamination activity in vitro (30) (31) (32) (33) (34) , but also mediates the RNA-dependent oligomerization of A3G (35) (36) (37) (38) (39) . The oligomerization of A3G is shown to be required for A3G to incorporate into HIV virion and inhibit viral replication (34, (40) (41) (42) . In the cytoplasm of activated CD4+ T cells, A3G resides in RNAdepended high-molecular-weight (HMW, also termed highmolecular-mass or HMM) complexes as an inactive form, which can be converted into low-molecular weight (LMW, also termed low-molecular-mass or LMM) complex and activated by RNase A treatment (43) . This phenomenon has also been observed in A3G purified from Sf9 cells that displayed similar conversion between inactive HMW aggregates and active LMW form (30) . Mutational analysis has resolved two tryptophan residues on A3G-CD1, W94 and W127, are involved in HMW complex assembly (39) . Recently the crystal structure of a primate A3G-CD1 (rA3G-CD1) revealed that the interactions within the dimer interface are critical for nucleic acid binding and oligomerization (27) . Studies on the CD1 of A3F further support the observation that CD1 enhances the catalytic activities and mediates HMW assembly of A3 double-domain proteins (44) , however, the HMW complexes of A3F are more resistant to RNase A (37, 45) . The formation of HMW species has emerged to be a significant property of double-domain A3 biology and function. It has been suggested that this unique property is shared with A3B as molecular brightness analysis has shown that A3B possesses a propensity to form concentration-dependent oligomers similar to other double-domain A3s (46) . Of a further note, A3B interactions with hnRNP K and other RNPs have been observed (47) . While the crystal and NMR structures of A3B-CD2 and its complex with ssDNA have revealed the important residues and loops of CD2 for its catalytic activity (48) (49) (50) , it is unclear how A3B-CD1 can greatly enhance the catalytic activity of A3B-CD2 in the full-length A3B (51,52) and a complete atomic-level understanding of A3B remains elusive.
In this study, we investigate the biochemical and structural characteristics of A3B-CD1 for regulating HMW complex assembly and catalytic activity of A3B. Here, we present the crystal structure of a soluble human A3B-CD1 variant (A3B-CD1m) at 1.9Å resolution. Surprisingly, the pursuit of a monomeric form of A3B-CD1 has led to the identification of four tyrosine (4Y) residues involved in the A3B-HMW complex assembly in HEK293T cells. Mutating these tyrosine residues generates a LMW mutant of A3B that no longer forms high-order complexes in HEK293T cells and displays a reduced catalytic activity. Addition of one tryptophan (W127) mutation to the 4Y mutant abolishes ssDNA binding and further impairs its catalytic activity, even though this W127 mutation alone does not elicit a detectable change on the activity. Moreover, structureguided mutagenesis study has identified a role for the positive charge patch around loop-2, loop-4 and ␤5 of CD1 in the RNA-dependent regulation of catalytic activity. In addition, co-immunoprecipitation assay suggests that the combination of 4Y and W127 mutations affect preferential binding of multiple hnRNPs to A3B. Taken together, this study reveals several critical elements of A3B-CD1 that regulate the molecular assembly and catalytic behavior of A3B, an enzyme that is emerging to play an important role in cancer development and cancer evolution.
MATERIALS AND METHODS

Protein expression and purification
A codon-optimized A3B-CD1m (Y13D/Y28S/Y83D/W12 7S/Y162D/Y191H) was cloned into pMAL-c5X (NEB) with an N-terminal MBP tag and a PreScission cleavage site. Escherichia coli cells transformed with the plasmid were grown in LB media at 37
• C until OD 600 reached 0.4. The media with cells were then transferred into 16
• C shaker and induced with 0.2 mM IPTG when OD 600 reached 0.6 for overnight induction. The harvested bacteria cell pellets were resuspended in buffer A (25 mM HEPES pH 7.5, 250 mM NaCl, 20 mM MgCl 2 , 1 mM DTT) with 0.1 mg ml
−1
RNase A (Qiagen) and lysed by Microfluidizer. After centrifugation, the supernatant of cell lysates was incubated with amylose resin (NEB), washed with buffer A with 500 mM, 1 M and 500 mM NaCl gradient, and eluted with buffer B (50 mM HEPES pH 7.5, 500 mM NaCl, 40 mM maltose, 0.5 mM TCEP). MBP-A3B-CD1m was applied to Superdex 75 gel filtration column (GE Healthcare) equilibrated with buffer B. Monomeric fractions of MBP-A3B-CD1m were pooled, concentrated, and cleaved by PreScission protease in buffer C (50 mM HEPES pH 7.5, 250 mM NaCl, 0.5 M arginine, 0.5 mM TCEP), then purified again using Superdex 75 column. The cleaved monomeric A3B-CD1m was collected for crystallization. For the EMSA assay, MBP-fusion A3B-CD1m and mutants were purified by the same methods without PreScission cleavage.
Protein crystallization, data collection, structure determination and refinement Purified A3B-CD1m was concentrated to 6 mg ml indexed, integrated and scaled using HKL2000 program package. The structure of A3B-CD1m was determined by molecular replacement method by molrep (CCP4 suite) using rA3G-CD1 (PDB: 5K81) as the template. The structure was then refined by PHENIX and manually checked in COOT. The statistics for diffraction data and structural determination/refinement is shown in Table 1 .
Construction of A3B and mutants for human cell-based assays
A3B-CD1, A3B-CD2, and FL A3B E255A without intron were cloned into a pcDNA 3.1(+) vector (Invitrogen) with an N-terminal FLAG tag. Our original cloning of an Nterminal FLAG tagged wild-type A3B coding sequence into pcDNA 3.1(+) vector was not successful, likely due to the genotoxicity of A3B to E. coli. Another trial of cloning A3B retaining the entire C-terminus intron 7 (53) was successful in E. coli, but the intron 7 was not spliced out efficiently during expression in HEK293T cells in our system, resulting an A3B carrying extra 30 amino acid residues at the Cterminus due to the un-spliced intron 7 and the subsequent frameshift. To resolve this problem, we tested a 235 bp intron (Supplementary Figure S1A ) from adenovirus type 2 RNase gene between exon 1 and exon 2 (54,55) into pcDNA 3.1(+)-FLAG-A3B E255A construct before codon E255A. E255 is the critical residue for A3B catalytic activity. If the introduced intron sequence retains during A3B expression in 293T cells, there is an in-frame stop codon generated within the intron, produces a non-catalytic 33 kDa truncated product. Western blot against the N-terminal FLAG confirms that this A3B construct has the efficient splicing, and generates the expression product of the same size as the no-intron A3B E255A control construct (Supplementary Figure S1B) . The codon of E255A mutation was then corrected back to E255 to generate the wild-type A3B. Derivatives were then generated by site-directed mutagenesis PCR.
Cell culture, transfection and western blot
HEK293T cells (ATCC) were maintained in DMEM medium (10013CV, Corning), supplemented with 10% FBS, 100 U ml −1 penicillin and 100 g ml −1 streptomycin. MDA-MB231 cells (ATCC) were maintained in DMEM lowglucose medium (11885084, Gibco), supplemented with 10% FBS, 100 U ml −1 penicillin and 100 g ml −1 streptomycin. Transfections were done by using X-tremeGENE 9 DNA Transfection Reagent (Roche) and following manufacturer's recommendation. For western blot, cell lysate samples were analyzed by SDS-PAGE, transferred onto PVDF membrane (EMD Millipore), and blotted with anti-FLAG M2 mAb (F3165, Sigma, 1:3000), anti-alpha tubulin mAb (GT114, GeneTex, 1:5000), anti-GAPDH mAb (GTX627408, GeneTex, 1:5000), anti-hnRNP K (ab134060, Abcam, 1:5000), anti-PTBP1 (1:8000), antihnRNP Q (R5653, Sigma, 1:1000), anti-hnRNP U (A300-A689A, Bethyl, 1:1000), anti-A3B (5210-87-13, NIH AIDS Reagent Program from Dr Reuben Harris, 1:20) (56).
FPLC analysis for native complex formation
The FPLC analysis of native complex formation protocol was modified from a previous report (43) . At 72 h posttransfection, A3B-transfected 293T cells in 150 mm 2 dishes were harvested, washed with PBS, and lysed in lysis buffer (50 mM HEPES pH 7.5, 125 mM NaCl, 0.6% NP-40 alternative, 1 mM DTT, final total volume is 1 ml after mixing with cells) with 1 × Halt protease and phosphatase inhibitor (Thermo Fisher) for 10 min. After centrifugation and removing the surface lipid fraction, the clear supernatant fraction was loaded onto Superdex 200 10/300 GL column equilibrated with 50 mM HEPES pH 7.5, 125 mM NaCl, 0.1% NP-40 alternative, 1 mM DTT, 10% glycerol. Fractions were subjected to western blot. For RNase A treatment, the clear supernatant after lysis were incubated with 100 g ml −1 RNase A (Qiagen) on ice for 2 h before loading onto Superdex 200 10/300 GL column. For analysis of endogenous A3B in MDA-MB231 cells, one dish of 150 mm 2 cells was harvested, lysed, and analyzed by FPLC with the same method as above. After FPLC, 450 l of each fraction was incubated with nine times of volumes of pre-cooled ethanol in −80
• C for overnight precipitation. The precipitated protein was resuspended in 30 l lysis buffer for western analysis.
In vitro deamination assay with HEK293T cell lysates
At 48 h post-transfection, A3B-transfected 293T cells in 12-well plates were harvested, washed with PBS, and the whole cell lysates were prepared using M-PER protein extraction reagent (Thermo Fisher) with 1 × Halt protease and phosphatase inhibitor (Thermo Fisher). After centrifugation, the clear supernatant fraction was used for deamination. Prior to deamination reaction, the expression level Nucleic Acids Research, 2017, Vol. 45, No. 12 7497 of each A3B sample was quantified by western blot and the total protein concentration was quantified by BCA protein assay (Pierce), and normalized with the whole cell lysate transfected with the empty pcDNA 3.1(+) vector.
Deamination assay was modified from previous reports (51,57). 5 -FAM labeled 50 nt ssDNA (ATTATT AT-TATT CAAATT TATTTA TTTATT TATGGT GTTTGG TGTGGT TG, 300 nM) was incubated with 8 l lysate in deamination buffer (25 mM HEPES, pH 7.2, 50 mM NaCl, 1 mM DTT and 0.1% Triton X-100) with a final volume of 20 l. RNase A of a final concentration 10 ng/l (Qiagen) was added together with the substrate and reaction buffer as indicated. The reactions with or without RNase A were done concurrently. The deamination reaction was incubated at 37
• C for 1 h terminated by heat inactivation at 90
• C for 5 min, and followed by UDG treatment (2.5 U, New England Biolabs) at 37
• C for 1 h. Hydrolysis of abasic sites was carried out in the presence of 0.1 M NaOH at 90
• C for 10 min, then the samples were mixed with an equal volume of 2× loading dye (25 mM EDTA and 95% formamide) and analyzed by 20% denaturing PAGE. Biorad PharosFX scanner was used to visualize the images and Quantity One 1D analysis software (Bio-Rad Laboratories) was used for quantification. The averaged values (of three independent transfections) with S.E.M. are shown in the scattering plots and bar graphs.
Electrophoresis mobility shift assay (EMSA)
Purified MBP-fused A3B-CD1m and mutants were incubated with 75 nM of 5 -FAM labeled 30 nt ssDNA (ATT-TAT ATTATT TATCCC TATTTA TATTTA) and 25 nM of 5 -FAM labeled 50 nt RNA (AUUAUU AUUAUU UAUCCC UAUUUA UAUUUA UUGUUA UUGUUA UUGUUA UA) on ice in the condition of 60 mM Tris pH 8.0, 100 mM NaCl (10 l reaction volume) for 10 min. The reaction mixture was then mixed with 2 l of 80% glycerol and analyzed by native PAGE.
Co-immunoprecipitation assay
At 60 h post-transfections, A3B-transfected 293T cells were harvested, washed with PBS, and lysed in lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 0.6% NP-40 alternative, 1 mM EDTA, 1 mM DTT, final total volume was 1 ml after mixing with cells) with 1 × Halt protease and phosphatase inhibitor (Thermo Fisher) for 10 min. Cell lysates were incubated with anti-FLAG M2 agarose (Sigma) beads with and without 100 g ml −1 RNase A (Qiagen) at 4 • C for 3 h. Beads were then washed four times with 1 ml wash buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 0.6% NP-40 alternative, 1 mM EDTA, 1 mM DTT) before eluting with FLAG elution buffer (wash buffer supplemented with 250 g ml −1 of 3xFLAG peptide (APExBIO)). The eluted samples were analyzed by western blot.
Structural modeling and analysis
Structure of wild-type A3B-CD1 was modeled by Phyre2 one-to-one threading method (58), using the structure of A3B-CD1m as template. Surface electrostatic potential of A3B-CD1m and other A3s was calculated by APBS (59).
RESULTS
Crystal structure of a monomeric variant A3B-CD1m
To pursue structural studies on A3B-CD1, the insolubility and aggregation issues of the wild type A3B-CD1 domain expressed in E. coli needed to be resolved. With the goal of producing soluble and homogeneous A3B-CD1 constructs, we generated an A3B-CD1 homologous model based on the rA3G-CD1 crystal structure (27) and the sequence alignments of several APOBEC homologs including A3B-CD1 and rA3G-CD1 (Supplementary Figure S2) . We engineered several variants of A3B-CD1 carrying specific mutations based on the previously determined rA3G-CD1 dimerization interface residues as well as solvent exposed surface hydrophobic residues. After systematically testing a series of mutations, we obtained a mutant carrying six mutations Y13D /Y28S /Y83D /W127S /Y162D /Y191H that had reduced A3B-CD1 aggregation and markedly improved solubility. Four of these six residues are surface tyrosine mutations (Y13D /Y28S /Y83D /Y162D), one (W127S) is from previously determined rA3G-CD1 dimerization interface, and one (Y191H) is the C-terminus hydrophobic residue mutation. This A3B-CD1 variant, referred to as A3B-CD1m, was readily purified in monomeric form when fused to an N-terminal MBP tag (Supplementary Figure S3 ). After cleaving off MBP, the tag-free A3B-CD1m was crystallized, and the crystal structure to 1.9Å resolution was solved ( Figure 1 , Table 1 ).
The crystal structure of A3B-CD1m has the typical, conserved APOBEC CD fold that is composed of five core ␤-sheets, surrounded by six ␣-helices and connecting loops ( Figure 1A ). The structure superimposes well with previously determined APOBEC structures, especially at the Zn-coordinated center and the core five stranded ␤-sheet. A representative structural superimposition between A3B-CD1 and a previously published A3B-CD2 is shown in Figure 1B (49) . A zinc atom is coordinated with one histidine (H66) and two cysteines (C97, C100) ( Figure 1C and D) , the three-dimensional conformation of which resembles the conserved structural configuration that is previously observed in other catalytic APOBEC proteins (33, 48, 49, (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) and non-catalytic rA3G-CD1 (27) . Like some other Z2-type domain structures including A3C, rA3G-CD1 and A3F-CD2 (27, 62, 63, 69) , the length of loop-3 in A3B-CD1m is relatively short, resulting in a closed formation of the Zn-coordinated center. This is distinct from Z1-type domains including A3A and A3G-CD2 (33,61,66) ( Figure  1E ). The mutated residues Y13, Y28, Y83, W127, Y162 are scattered on N-terminus, loop-1, loop-4, loop-7 and loop-10, respectively ( Figure 1G ). One unique feature of A3B-CD1m is the discontinuous ␣4, forming a small 3 10 helix ␣4 at the beginning of the helix ( Figure 1B and F) , and compared to other APOBEC structures, this beginning part of ␣4 in A3B-CD1m is shifted away from the interior core of the Zn-coordinated center ( Figure 1F) . As a result, this ␣4 at beginning of ␣4 and the adjacent loop-7 residues show different conformations from that of rA3G-CD1 ( Figure  1F ).
The plot of surface charge features show that A3B-CD1m clearly has a much more positively charged molecular sur- face than A3B-CD2 (compare Figure 2A top and bottom) , but less than rA3G-CD1 (compare Figure 2A top and middle). The charged residues on A3B-CD1m surface are clustered to form two major positive charge patches: one (patch 1) is around the pseudo active center, including ␤2, loop-3, loop-1, ␣2, ␣3 and ␣4 (patch 1 in Figure 2A and B). The other one (patch 2) is on the opposing side that starts from loop-2, and extends through ␤ sheets to ␣6 (patch 2 in Figure 2A, C) . In summary, the resolved crystallographic information demonstrates that while the CD1 domain exhibits the conserved APOBEC architecture, unique atomic-level details are present that may give new insights into the fundamental mechanisms of A3B function.
A3B forms hypoactive HMW complexes and is activated by
RNase A without apparent conversion to LMW Double-domain APOBEC oligomerization and formation of HMW complexes in human cells have been extensively studied with A3G and to a lesser extent, A3F (30, 32, 33, 35, 37, 39, 43, 45, 46, (70) (71) (72) (73) (74) . All four doubledomain A3s are shown to behave as large oligomeric forms in living cells based on brightness characterization to the EGFP-labeled APOBEC proteins (46) . So far, the available evidence suggests that the CD1 domains of A3G and A3F are mainly responsible for the HMW complexes assembly and high-order oligomerization (32, 35, 37, 39) . The monomeric nature of A3B-CD1m prompted us to examine the HMW complex formation of the full-length A3B in human cells, and whether or not the mutations that generate the monomeric A3B-CD1m would impact the HMW complex assembly of the full-length A3B.
We used a pcDNA 3.1 (+) mammalian expression vector with an N-terminal FLAG tag to express the wild-type A3B in HEK293T cells. Initial attempts of cloning the wildtype A3B gene were unsuccessful, likely due to the genotoxicity of A3B to E. coli (52, 53) . To overcome this obstacle, we interrupted the wild-type A3B coding sequence by introducing a heterologous intron sequence originated from adenovirus (54,55) (see Materials and Methods for details). This heterologous intron was placed in between the two codons A254 and E255 of A3B and un-spliced transcripts would result in loss of enzymatic activity of A3B. Subsequent cloning of this construct in E. coli was successful and the correct splicing of the intron sequence in HEK293T cells was confirmed by western blot (Supplementary Figure  S1B) .
To examine HMW complex formation of the expressed A3B, the soluble fractions of HEK293T cell lysates were prepared and fractionated by Superdex 200 analytical sizeexclusion chromatography (Figure 3, Supplementary Figure S4) . The distribution of A3B in the eluted fractions was detected by western blot using monoclonal antibody against the FLAG epitope fused to A3B. Endogenous ␣-tubulin was used as an internal size marker, as it assembles into ∼100 kDa heterodimers (75) (Figure 3 ). As expected, the majority of the wild-type A3B expressed in human cells eluted out in early fractions indicating that A3B predominantly exists in HMW forms ( Figure 3A , Supplementary Figure S4A and B). Consistently, the endogenous A3B from MDA-MB231 breast cancer cells that are previously reported with up-regulated A3B expression (5, 76) , also eluted as HMW species ( Figure 3B) . Surprisingly, after RNase A treatment, most of A3B remains as HMW species ( Figure 3A, Supplementary Figure S4A ). In contrast, the HMW species of A3G has been dissociated into LMW species under the same experimental condition (Figure 3A) , consistent with prior reports (43) .
We examined the deaminase activity of the full-length A3B in the whole cell lysates of the transfected HEK293T cells. The results showed that relatively low deaminase activity of A3B was present, but the activity was drastically activated by RNase A treatment of the lysates (Supplementary Figure S5A ). This RNase A-dependent enhancement of deaminase activity is much less evident in the CD2 construct alone, and no detectable activity is seen with either CD1 or E255A inactive mutant ( Supplementary Figure S5A) . In fact, the activation of the deaminase activity by RNase A treatment was also observed in the elution fractions that contained A3B HMW species ( Figure 3C ). These results suggest that the deamination activity of A3B is attenuated in an RNA-dependent manner, which is consistent with previous observations in other APOBECs (30, (77) (78) (79) . However, the activation of deaminase activity by RNase A treatment of the HMW species of A3B is not dependent on the conversion from the HMW complex to LMW species ( Figure 3A and C, and Supplementary Figure S4A ).
Surface tyrosine residues and W127 on CD1 affect the assembly of A3B HMW complexes
To examine whether the residues mutated in A3B-CD1m affect A3B HMW complex assembly, we generated three A3B mutants with mutations on CD1: a single mutant W127A on loop 7, a quadruple-tyrosine mutant Y13D/Y28A/Y83D/Y162D ('4Y') on the exposed surface, and a combination mutant W127A + Y13D/Y28A/Y83D/Y162D ('W+4Y'). The C-terminal mutation Y191H was not included as it is located at the CD1-CD2 linker rather than on the CD1 surface. The theoretical molecular weight of A3B is ∼46 kDa, thus the soluble A3B from the cell lysates that appears in the fractions eluted later than the tubulin marker (∼100 kDa) likely belongs to dimeric or monomeric forms (or LMW species). The results showed that, unlike the wild-type A3B that eluted in the early HMW fractions, the W+4Y mutant of A3B eluted in the LMW fractions, indicating disruption of HMW complex formation by W+4Y mutations ( Figure  4) . The W127A single mutant, however, formed complexes with a wide range of molecular weights from HMW to LMW (Figure 4) , suggesting that it may partially impair the formation of the HMW complexes. Interestingly, the mutant with 4Y mutation alone behaved similarly to the W+4Y mutant in terms of disrupting the HMW complex formation (Figure 4 ). Further investigation showed that a quadruple-alanine mutant Y13A/Y28A/Y83A/Y162A ('4YtoA') behaved similarly to '4Y' and 'W+4Y' mutants, whereas a quadruple-phenylalanine mutant Y13F/Y28F/Y83F/Y162F ('4YtoF') restores the formation of HMW species (Figure 4) . These results indicate that the aromatic sidechains of these four surface tyrosine residues Y13, Y28, Y83, and Y162 on CD1 are critical for A3B HMW complex assembly in HEK293T cells, and W127 also affects HMW complex properties, even though W127 mutation alone did not completely dissociate the HMW complexes.
Surface tyrosine residues and W127 on CD1 are important for A3B deaminase activity
We next explored whether the residues mutated in A3B-CD1m affect the catalytic activity of the full-length A3B. We performed deamination assays with A3B expressed 293T cell lysate under conditions with or without RNase A treatment. The amount of 4Y and W+4Y mutants were normalized to the level of the wild-type A3B, as their original expression levels were significantly higher than the wildtype A3B. The results showed that under both conditions, the four single tyrosine mutants, Y13D ('Y 1 '), Y28A ('Y 2 '), Y83D ('Y 3 '), Y162D ('Y 4 '), displayed the activities similar to or slightly reduced than that of the wild type ( Figure 5A-C) . However, the catalytic activity of the combined 4Y mutant is greatly reduced (Figure 5A-D) , indicating that these four tyrosine residues on CD1 collectively are involved in the regulation of the full-length A3B catalytic activity. The activity of W+4Y mutant is even more severely impaired than the 4Y mutant, with ∼80% reduction of activity compared to the wild-type A3B (Figure 5A-D) .
This reduction of activity is likely due to the loss of ss-DNA substrate binding. The ssDNA binding to the CD1 domain of W+4Y mutant (equivalent to A3B-CD1m) is greatly impaired compared with that of the CD1 domain of 4Y mutant (Figure 5F ), suggesting that W127 is critical for ssDNA binding in the context of 4Y mutant. The CD1 domains of both W+4Y and 4Y mutants showed some weak RNA binding, with the RNA binding to the CD1 domain of 4Y is slightly stronger (Figure 5G ). Because the wild-type CD1 is not soluble, we could not include it in this study.
To further investigate the synergistic/additive effect of mutating W127 and each of the four tyrosine residues on CD1, we tested the activity of a set of mutants carrying W127A alone, or W127A in combination with each single tyrosine mutation respectively ('W+Y 1 ', 'W+Y 2 ', 'W+Y 3 ', 'W+Y 4 ' (Supplementary Figure S6) . Among this group, the expression levels of W127A and W+Y 4 are the lowest, thus we normalized other mutants to the level of W127A and W+Y 4 (Supplementary Figure S6D) . Interestingly, unlike W+4Y mutant that severely impaired the deaminase activity, W127A alone did not impair the deamination activity, and W127A in combination with any of the individual four tyrosine mutation only has minor but consistent reduction of deaminase activity under RNase A treated condition (Supplementary Figure S6) . These results suggest that W127 and the four surface tyrosine residues on CD1 affect the catalytic activity of the full-length A3B in an additive or synergistic manner.
RNA-mediated attenuation of A3B catalytic activity is dependent on a site-specific, positively charged region on CD1
RNase A treatment of the wild-type A3B and the 4Y/W+4Y mutants exhibited an increase of deaminase activity under RNase A treatment, indicating that this class of mutants display similar levels of RNA-dependent activity attenuation as the wild type. In other words, the four surface tyrosine residues or W127 related mutants likely still interact with RNA in a similar manner that attenuates the deaminase activity of the wild-type A3B. The relatively more positively charged surface of A3B-CD1m in comparison to A3B-CD2 (Figure 2 ) suggests a possibility that these positive charge residues on CD1 may interact with RNA to affect the deaminase activity of the fulllength A3B. Based on the structure of A3B-CD1m, we de-signed two mutants, each harboring mutations of several positively charged residues located at the center of the positively charged patch 1 or patch 2 of CD1 ( Figure 2B and C). Specifically, for patch 1, we introduced four mutations K62E/K103E/R132Q/R133E that reverse the charge of ␣2-␣4 (designated as patch 1 mutant) and for patch 2, we simply replaced the loop-2 with the equivalent of A3B-CD2 (42KRGR45→DNGT) in combination with R144E on ␤5 (designated as patch 2 mutant).
We tested the deamination activities of these two patch mutants and compared with the wild-type A3B under the conditions with or without RNase A treatment (Figure 6A-E) . In the presence of RNase A, both patch mutants showed a similar level of deamination activity as that of the wild type ( Figure 6A and C), indicating that they have similar catalytic activity when there is no attenuation by RNA. In the absence of RNase A, however, a much reduced RNAdependent activity attenuation was observed with the patch 2 mutant (Figure 6A-D) . For example, with 2 g cell lysate, the activity of the wild type and both mutants deaminated almost 100% substrate. In contrast, in the absence of RNase A, ∼70% of substrate was deaminated by patch 2 mutant, whereas only ∼30% of substrate was deaminated by patch 1 mutant and the wild-type A3B ( Figure 6C ). These results indicate that patch 2 plays a major role in mediating the RNA-dependent attenuation. We also examined whether any individual positive charge residue in patch 2 is sufficient to mediate this effect. Single mutations of all positive charge residues in patch 2 were tested (Supplementary Figure S7A-D) . While most single residue mutants, namely K42A, K43A, K45A, K84A and R144A showed minor attenuation effect (Supplementary Figure S7A-C) , none of them had a dramatic effect comparable to that of the combined patch 2 mutant ( Figure 6C ). Therefore, we concluded that these multiple positive charge residues within loop-2, loop-4 and ␤5 surface area on patch 2 collectively contribute to the RNA-dependent attenuation of A3B catalytic activity.
Surface hydrophobic residues of CD1 affect interactions between A3B and multiple hnRNPs
Previously A3B and other APOBECs have been reported to interact with multiple cellular hnRNPs (45, 47, 74, 80) . Here we asked whether four surface tyrosine residues, W127, and patch 2 of CD1 affect A3B-hnRNP interactions. We conducted pull-down of FLAG-tagged wild-type A3B and several A3B mutants expressed in 293T cells with anti-FLAG beads and examined the associated hnRNPs by western blot (Figure 7) . Samples with vector alone and a FLAG-tagged A3G were also included as controls. The experiments were conducted under both with RNase A and without RNase A conditions. The results show that in the absence of RNase A, hnRNP Q, hnRNP U, as well as the previously reported hnRNP K and PTBP1 (hnRNP I), preferentially bind to the wild-type A3B. In contrast, the interactions of these hnRNPs with A3G are near background levels. Mutants carrying 4Y, 4YtoA, or patch 2 mutations retained the association with these hnRNPs similar to the wild-type A3B (Figure 7B) . Remarkably, W+4Y mutant shows no detectable interactions with hnRNP K or PTBP1, and only very weak interactions with Q and U despite its high expression level among all tested constructs ( Figure 7B ). In the presence of RNase A, the association of A3B with hnRNP K and PTBP1 were much reduced, while apparently unaffected with hnRNP Q and hnRNP U ( Figure 7B ). Taken together, A3B interacts with multiple hnRNPs and the combination of four surface tyrosine residues and W127 mutations on CD1 significantly impaired A3B-hnRNP interactions.
DISCUSSION
The A3 family of cytidine deaminases has evolved to restrict viral infection and endogenous retrotransposition through pathways including deamination-induced hypermutation. However, this is a double-edged sword, as misregulation of deamination may result in excessive mutations that can lead to host genome instability. The non-catalytic CD1 domain of A3s apart from the catalytically active CD2 domain becomes an integral part of the biological activity of the double domain A3s. For A3B, the catalytic activity of CD2 alone is relatively weaker and less genotoxic, yet the overall activity of the full-length double-domain A3B can be enhanced or attenuated depending on the states of CD1. Understanding the role of A3B-CD1 in regulating the catalytic activity in the context of the full-length A3B would help to understand A3B function in cells and misregulation in cancer genomes.
In this study, we report the crystal structure of a human A3B-CD1 variant, and identified several structural elements of A3B-CD1 that play important roles in HMW complex formation and RNA mediated attenuation of A3B. The four surface tyrosine substitutions that greatly improved the solubility of A3B-CD1 are critical for A3B HMW complex assembly in human cells (Figure 4 ) and are also important for A3B deaminase activity ( Figure 5 ). These four surface tyrosine residues are located at N-terminus (Y13), loop-1 (Y28), loop-4 (Y83), loop-10 (Y162). They are not equivalent to previously identified residues involved in A3G HMW complex formation (39) and oligomerization (27) . Indeed, different from A3G HMW complexes which dissociate after RNase A treatment (43), A3B HMW complexes apparently do not become LMW species under the same RNase A treatment condition (Figure 4 ). This observation is similar to previous reports regarding RNase resistant A3F-HMW complex (37, 45) . Given the fact that A3BCD1 and A3FCD1 share 82% sequence identity, it is possible that the structural elements involved in HMW formation are conserved between these two CD1s. Results from 4YtoA and 4YtoF mutants (Figure 4 ) suggest that hydrophobic interactions are critical for A3B-HMW complex assembly in HEK293T cells. In addition to four surface tyrosine residues, W127 and the positive charge patch 2 also contribute to HMW formation. In each case, mutations cause partial dissociation of HMW species (Figure 4) . It has been reported that W127 of A3G-CD1 and A3F-CD1 are involved in oligomerization of A3G and A3F (27, 32, 39, 44) . Therefore, a similar role may be played by W127 of A3B-CD1. The patch 2 mutant of A3BCD1 shows alleviated RNA-dependent attenuation of deaminase activity ( Figure 6 ) suggesting that RNAs may be involved in A3B-HMW assembly. Furthermore, A3B-CD2 has been re- ported to dimerize on its own (52), thus it may play an additional role in the HMW formation of the full-length A3B.
Structural analysis of A3B CD1 resolved two positively charged patches on A3B-CD1m (Figure 2 ) that may bind nucleic acids through electrostatic interactions. These interactions may have dual roles in regulating the catalytic activity of A3B. On one hand, the interactions with ssDNA substrates facilitate the deaminase activity. On the other hand, the interactions with RNA molecules can attenuate the deaminase activity. Deamination assays of mutants that neutralized the positively charged regions on CD1 under the conditions with and without RNase A, allowed us to distinguish different interactions with ssDNA and RNA. This led to the identification of a positive charge patch around loop-2, loop-4, and ␤5 (on patch 2 surface in Figure 2A ) that plays an important role in the RNA-dependent attenuation of deaminase activity, demonstrated by that the catalytic activity of an A3B containing mutation that reduces the surface charge within this region exhibited comparable catalytic activity in absence of RNase A when compared to treatment with RNase A ( Figure 6) ; a phenomena not observed for the wild type A3B or a mutant aimed at reducing the positively charged residues of ␣2-␣4 (on patch 1 surface in Figure 2A ). Of note, the catalytic activity of A3B-CD2 alone was also slightly increased after RNase A treatment (Supplementary Figure S5A) , suggesting that RNA appears to interact CD2 domain as well to compete with the ssDNA substrate. Similar competitive regulatory role of RNA has been reported in the study of A3G (81) . It is possible that RNAs may be stabilized by interacting with patch 2 regions of CD1 domain and extend to CD2 domain, competing with the ssDNA substrate. In the presence of RNase A, the activity of both positive surface charge reduction mutants is similar to that of the wild type ( Figure 6 ) also indicating that neither one of the two patch mutants disrupted ssDNA substrate binding for deamination. Consequently, our data also suggest that a different region of A3B-CD1 other than the two positively charged regions may participate in the ss-DNA substrate binding. Alternatively, the ␣2-␣4 and loop-2/loop-4/␤5 of CD1 may be involved in ssDNA binding redundantly, thus mutating either patch is not sufficient to abolish ssDNA substrate binding through A3B-CD1. The nature of RNAs involved in RNA-dependent attenuation of A3B is unclear. Extraction of RNA following IP of the size exclusion chromatography fractions or pooled fraction may provide valuable insights.
The four surface tyrosine substitutions on A3B-CD1m also partially impair the catalytic activity of A3B ( Figure  5A -E), suggesting that HMW complex assembly facilitate A3B catalytic activity. Introducing W127A in the context of four surface tyrosine substitutions further impairs the catalytic activity significantly ( Figure 5A-E) , likely due to the loss of ssDNA substrate binding ( Figure 5F ). Interestingly, W127A mutation alone does not affect the activity of A3B (Supplementary Figure S6) . One possibility is that the HMW assembly of A3B provides additional ssDNA binding sites from other copies of A3B or associated proteins, thus facilitates A3B catalytic activity. In summary, enzymatic activity is likely regulated by dimeric/tetrameric structure of A3B or by a higher order protein complex formation, which is unclear in the present study and requires further investigation.
A major difference from A3G is that A3B is dominantly localized in nucleus (5, 82) , which is composed of unique subcellular structures and soluble components including hnRNPs (83) . Previous studies and our data show that A3B interacts with multiple hnRNPs (47) . Interestingly, combination of four tyrosine mutation and W127A severely impaired A3B interaction with multiple hnRNPs, therefore, these surface hydrophobic residues on CD1 are critical in mediating A3B and hnRNPs interactions. This mutant would serve as a valuable control in further investigation of the endogenous A3B protein complex. It is also worth noting that hnRNPs have distinct RNA binding motifs (83) , therefore, these hnRNP binding RNAs may act as potential regulatory elements of A3B activity through hnRNP and A3B interactions.
In summary, we obtained a soluble form of A3B-CD1 through systematic and iterative mutational studies, and determined its high-resolution structure to 1.9Å resolution. Biophysical and biochemical analysis combined with structure-guided mutagenesis of CD1 in the context of the full-length A3B protein illuminated that CD1 plays a key role in regulating catalytic activity through mechanisms potentially associated with the formation of HMW complexes of A3B in mammalian cells and RNA mediated attenuation. With the knowledge and resolution gained during the pursuit of A3B-CD1 structural biology, we have uncovered several key amino acid residues on CD1 involved in these regulatory processes.
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